Introduction {#s001}
============

Japanese encephalitis (JE) is an infectious disease of the central nervous system caused by the Japanese encephalitis virus (JEV), a zoonotic mosquito-borne flavivirus. JE is prevalent in much of Asia and the western Pacific, with over 4 billion people at risk of infection (Yun and Lee [@B20]). JEV is spread to humans through mosquitoes; its primary transmission vector is *Cx. tritaeniorhynchus* (Li et al. [@B9]). Although an effective human vaccine has been available since 1954 (Impoinvil et al. [@B6]), JEV has persisted because it is sustained in an enzootic cycle, and nonvaccinated humans have a continual risk from infectious mosquito bites, especially nonvaccinated children. Throughout history, Shandong Province has been at the heart of the JE epidemic. According to statistics, Shandong had the highest morbidity rate in 1966, with 56.07/100,000 population (Xu et al. [@B18]). Unfortunately, in 2013, Shandong Province experienced a JE outbreak, with 407 confirmed cases, including 11 deaths (Zexin et al. [@B21]). The incidence of JE shows an obvious seasonal characteristic between July and September that peaks in August (Zhou and Zhou [@B23]). Notably, in August, the air temperature is enhanced with abundant rainfall, and the irrigation amount in paddy fields is increased. These favorable climatic conditions and survival environments drive mosquitoes to grow and breed quickly.

However, we have found that the major transmission vectors are not only *Cx. tritaeniorhynchus* but also *C. pipiens pallens* and *Coquillettidia ochracea.* Furthermore, in some districts, *C. pipiens pallens* has become a dominant species, and its insecticide resistance has increased as well. Thus, there are some potential risks of JE occurrence in Shandong Province.

Materials and Methods {#s002}
=====================

We collected mosquito samples from several national and provincial monitoring sites in Shandong Province, China (*e.g.*, Hanzhuang town, Weishan county; Taibai Lake, Jining city; and Dongping Lake, Tai\'an city) ([Fig. 1](#f1){ref-type="fig"}) between June and September 2015. The mosquitoes were trapped using a mosquito net, transferred to a mosquito cage, and brought to the laboratory where they were frozen for 30 min in a −20°C freezer. After freezing, the males and females were separated, and the males were discarded. The remaining females were transferred to new tubes at 50 mosquitoes per tube and stored in a −80°C freezer. Before freezing, some samples were tested for resistance to a pyrethroid insecticide using the biological exposure cylinder recommended by the World Health Organization (WHO) (Liu and Chen [@B10]). The resistance level was measured by the tentative diagnostic dose and degree method of China. M represents initial resistance with mosquito mortality between 80% and 97.9%, and R represents resistance with mosquito mortality lower than 80%.

![Mosquito collection sites (Dongping Lake, Taibai Lake, Hanzhuang town) and dengue fever outbreak sites (Zhifang town and Jintun town). Color images are available online.](fig-1){#f1}

A total of 16,177 mosquitoes were divided into 346 tubes, with ∼50 mosquitoes per tube. The mosquito samples were homogenized and filtered, and the resultant filtrate was added to a culture tube with a monolayer of BHK-21 cells, cultured in an incubator with 5% CO~2~ at 37°C, and agitated gently every 15 min to facilitate viral infection. One hour later, the cell culture tube was removed from the incubator, and the medium was discarded. A total of 2 mL of cell maintenance solution was added, and the cells were cultured in an incubator with 5% CO~2~ at 37°C. The cells were monitored under a microscope every 24 h until lesions occurred on the cells, which were then harvested. The cells that showed suspicious lesions were subcultured continuously, and those that showed no lesions underwent three blind passages and were harvested.

We detected the nucleic acids of the JEV C/PrM gene segment by quantitative real-time PCR and nested PCR using 16,711 collected mosquitoes that were divided into 346 groups. First, we performed total RNA extraction from mosquitoes using the TRIzol method. For complementary DNA (cDNA) synthesis, a 10 μL reaction volume consisted of 2 μL of mixture RNA, 2 μL buffer (5 × ), 0.5 μL reverse transcription (RT) mix (Takara), 0.5 μL oligo dT, 0.5 μL random primer, and 4.5 μL diethyl pyrocarbonate (DEPC) treated water. For the RT reaction, the template was incubated at 37°C for 60 min and then terminated at 85°C for 5 s.

qPCR was performed with a Tiangen SuperReal PreMix Plus Kit and ABI PRISM Line Gene 9600 real-time fluorescent quantitative PCR system. The 20 μL reaction volume consisted of 0.6 μL forward (5′-AGA GCG GGG AAA AAG GTC AT-3′) and 0.6 μL reverse (5′-TTT CAC GCT CTT TCT ACA GT-3′) primers; 10 μL 2 × SuperReal PreMix Plus, 2 μL 5 × ROX Reference DyeΔ, 2 μL cDNA, and 4.8 μL DEPC water. Thermocycling conditions were 95°C for 2 min, 40 cycles of 95°C for 15 s, 55°C for 20 s, and 72°C for 20 s.

The first amplification of the C/PrM gene region of JEV by nested PCR was 647-bp, and the second amplification of the C/PrM gene region of JEV by nested PCR was 491-bp. The first nested PCR mixture was a 25 μL total volume that included 12.5 μL Taq Green Master Mix, 9.5 μL DEPC water, 0.5 μL 5′-primer (10 μm) (5′-CGTTCTTCAAGTTTACAGCATTAGC-3′), 0.5 μL 3′-primer (10 μm) (5′-CCYRTGTTYCTGCCAAGCATCCAMCC-3′), and 2 μL cDNA. The second PCR mixture was a 25 μL total volume that included 12.5 μL Taq Green Master Mix, 10.5 μL DEPC water, 0.5 μL 5′-primer (10 μM) (5′-CGTTCTTCAAGTTTACAGCATTAGC-3′), 0.5 μL 3′-primer (10 μM) (5′-CGYTTGGAATGYCTRGTCCG-3′), and 1 μL of the first nested PCR product.

Thermocycle conditions for the first reaction were 94°C for 5 min, 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 5 s, and a final extension at 72°C for 10 min. Thermocycle conditions for the second reaction were 94°C for 5 min, 40 cycles of 94°C for 30 s, 57°C for 40 s, 72°C for 45 s, and a final extension at 72°C for 10 min. Then, nested PCR amplification products were detected by 1--2% agarose gel electrophoresis. When available, positive qPCR and nested PCR results were further investigated by sending the products for next-generation sequencing.

The maximum likelihood estimate for the mosquito infection rate was calculated using the software by Biggerstaff ([@B1]) ([www.cdc.gov/ncidod/dvbid/westnile/software.htm](www.cdc.gov/ncidod/dvbid/westnile/software.htm)).

Results {#s003}
=======

We captured 16,711 individual mosquitos, including 17 species from six genera. The number of *Cx. tritaeniorhynchus*, *C. pipiens pallens*, and *Mansonia uniformis* collected were 6610 (39.55%), 6465 (38.69%), and 2357 (14.10%), respectively. Mosquito density fluctuated with the seasons but peaked in August. *Cx. tritaeniorhynchus* and *C. pipiens pallens* populations in Hanzhuang town and Dongping Lake showed resistance to pyrethroid insecticides, and in Taibai Lake, populations showed incipient resistance. In addition, *Cq. ochracea* populations in Hanzhuang town presented resistance as well, while in Taibai Lake resistance was incipient ([Table 1](#T1){ref-type="table"}). The real-time fluorescence qPCR assay showed that some mosquito samples were JEV positive, and the nucleic acids of JEV were detected in *Cx. tritaeniorhynchus*, *C. pipiens*, and *Cq. ochracea* using a nested PCR assay, yielding minimum infection rates (MIRs) of 5.29/1000, 1.60/1000, and 6.39/1000 mosquitoes, respectively ([Table 2](#T2){ref-type="table"} and [Figs. 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). Subsequently, the sequencing of the C/PrM genes confirmed the identity of JEV.

![The first amplification of the C/PrM gene region of JEV. JEV, Japanese encephalitis virus. Lanes 1--5, *Cx. tritaeniorhynchus*; lanes 6,8, *C. pipiens pallen*; lane 7, *Cq. ochracea*; lane M, 2000bp marker.](fig-2){#f2}

![The second amplification of the C/PrM gene region of JEV. Lanes 1--5, *Cx. tritaeniorhynchus*; lanes 6,8, *C. pipiens pallen*; lane 7, *Cq. ochracea*; lane M, 2000bp marker.](fig-3){#f3}

###### 

Resistance Degree of Three Major Species from Three Monitoring Sites

                   Culex tritaeniorhynchus   Culex pipiens pallens   Coquillettidia ochracea             
  ---------------- ------------------------- ----------------------- ------------------------- --- ----- ---
  Hanzhuang Town   2373                      R                       2445                      R   43    R
  Dongping Lake    1469                      R                       2300                      R   0      
  Taibai Lake      2768                      M                       1720                      M   112   M
  Total            6610                                              6465                          155    

M, initial resistance with mosquito mortality; R, resistance with mosquito mortality.

###### 

Maximum Likelihood Estimate for Japanese Encephalitis Virus in Three Collection Sites

                   Cx. tritaeniorhynchus   C. pipiens pallens   Cq. ochracea                                                
  ---------------- ----------------------- -------------------- -------------------- ----- ---- ------------------- --- --- --------------------
  Hanzhuang Town   48                      11                   5.18 (2.75--9.05)    50    3    1.25 (0.33--3.40)   2   0   0 (0.00)
  Dongping Lake    30                      5                    3.65 (1.37--8.13)    47    4    1.80 (0.59--4.33)   0   0   0 (0.00)
  Taibai Lake      57                      15                   6.20 (3.63--10.03)   35    3    1.80 (0.47--4.89)   4   1   8.65 (0.55--45.25)
  Total            135                     31                   5.29 (3.67--7.42)    132   10   1.60 (0.82--2.85)   6   1   6.39 (0.39--32.23)

CI, confidence interval; JEV, Japanese encephalitis virus; MLE, maximum likelihood estimate.

Discussion {#s004}
==========

Hanzhuang town, Dongping Lake, and Taibai Lake are located in the densely populated Shandong section of the South-to-North Water Diversion Project. This area has humid and warm weather, as well as developed lake systems, that are suitable for mosquitoes to breed and propagate, generating a diversity of mosquito vector species. The areas surrounding the lakes include tourist resorts with a high population mobility that is conducive to the spread of mosquito-borne diseases. After the South-to-North Water Diversion Project, the surface water level, catchment areas, vegetation, original breeding grounds, and quality of the water supply have changed, which in turn has changed the spatial and geographical distribution patterns of the mosquito communities and species diversity in Shandong Province. Based on our previous study, the seasonal fluctuations of adult mosquito species consistently appeared in June and reached a density peak in July to August (Tian et al. [@B16]). Therefore, we collected mosquitoes from June to September in this area to obtain the most representative data.

We examined the biological resistances of *Cx. tritaeniorhynchus*, *C. pipiens*, and *Cq. ochracea* and found that the mosquito samples collected from Hanzhuang, Weishan, and Dongping Lake, Tai\'an, were highly resistant to pyrethroid insecticides, whereas mosquitoes from Taibai Lake, Rencheng, were moderately resistant. The *Cx. tritaeniorhynchus*-infested areas were mostly paddy fields, and the mosquito adults were commensal and rested in the shade of grasses and crops near their breeding ground during the daytime; therefore, they were often exposed to agricultural pesticides. At night, they flew into the houses of farmers and fed on humans and livestock; thus, they were extensively exposed to various kinds of insecticides. Because of their extensive exposure to various kinds of pesticides, long artificial selection pressures on the mosquitoes have led them to develop high insecticide resistance. *C. pipiens* is a dominant commensal mosquito species in northern China. Recently, a series of activities have been initiated to create civilized and hygienic cities in Shandong Province, in which pyrethroids such as deltamethrin and beta-cypermethrin have been extensively applied to prevent and control mosquitoes, flies, rats, cockroaches, and other vermin, causing increased pyrethroid resistance among these pests. The low resistance shown in *C. pipiens* and *Cx. tritaeniorhynchus* collected from Taibai Lake is likely because this area is a tourist resort where pesticides are used less frequently.

The 346 batches of mosquito samples collected from the three monitoring sites were homogenized, and the supernatants were inoculated into BHK-21 cells. After three blind passages, no cell lesions were observed. Then, the cells were centrifuged, and the total RNA was extracted from the supernatant of the mosquito homogenate and then reverse transcribed to cDNA. After PCR amplification, the positively amplified products were submitted to Shanghai Biotech Co., Ltd. The results showed that they tested positive for the nucleic acids of JEV, indicating the presence of JEV in the supernatant of the mosquito homogenate. The absence of cell lesions was probably because the JEV concentration was too low or the JEV concentration in the blind passages was too diluted to cause cell lesions.

JEV-positive *C. pipiens* and *Cx. tritaeniorhynchus*, especially highly insecticide-resistant mosquitoes, have undoubtedly increased the difficulty of controlling these mosquito vectors, further enhancing the risk of infection and the prevalence of JE. Adult mosquito control depends largely on insecticides. However, resistance to insecticides is rising globally (Mouchet [@B13], Wesson [@B17], Ponlawat et al. [@B14], Cui et al. [@B3], Chuaycharoensuk et al. [@B2], Kamgang et al. [@B7]). The extensive use or nonregulated application of pesticides can hamper the efficacy of larvicide- and adulticide-based control programs, as demonstrated in the vector control of *Aedes aegypti* (Marcombe et al. [@B11], Karunaratne et al. [@B8]) and *Culex pipiens quinquefasciatus* (Yebakima et al. [@B19]). From August 19 to October 11, 2017, Jintun and Zhifang townships in Jiaxiang County ([Fig. 1](#f1){ref-type="fig"}), Shandong Province, had an outbreak of dengue fever. A total of 79 confirmed cases of dengue fever were reported, although without death. We monitored the densities of *Aedes albopictus* larvae and adults using the Breteau index (BI) method and the double-net method. Then, we investigated the density of *A. albopictus* in Qianli, Jintun Township, which was the core monitoring area. We found that the BI was 107, and the adult mosquito bite index was 17 mosquitoes per person per hour. Jiaxiang County, Shandong Province, has the highest latitude within the dengue fever epidemic zone in China. It has been reported that with global warming, the viability of mosquitoes in certain high-latitude regions has been enhanced, and their fecundity under favorable rainfall conditions has also increased, gradually expanding the prevalence range of JE (Yun and Lee [@B20], Matthew et al. [@B12]). Given that the dengue virus and JEV originate from the same taxonomic flavivirus family (*Flaviviridae*), the two share similar viral structures, which are mostly single- and positive-stranded RNA viruses enveloped by symmetric icosahedral-like geometry. JEV can be vertically transmitted by *A. albopictus* through eggs, which is an important transmission pathway of the virus (Zhang et al. [@B22], Han [@B5]). Thus, an outbreak of dengue fever partly increases the risk of JE prevalence, and it is necessary to address the insecticide resistance problem of *C. pipiens* and *Cx. tritaeniorhynchus*.

Gao et al. ([@B4]) performed a spatial dynamics analysis on JEV using the nucleotide sequence of the E gene of JE using the MigraPhyla program. The results showed that, as a major agricultural province, Shandong has a large rice planting area and a well-developed swine industry, which is conducive to the local circulation and the short-distance transmission of JEV (*e.g.*, spread to Shanxi Province). Shandong Province is also home to important ports in China (Sun and Zhang [@B15]). A busy trade port is conducive to the spread of JEV; for example, JEV can be spread to South Korea and southern China through mosquitoes carried by ships. Thus, spatial spread and migration could, to some degree, lead to a resurgence of JE.

We should actively monitor JEV carried by local mosquitoes and the insecticide resistance of the mosquito populations, as well as improve public awareness of JE vaccination and strengthen JE control and prevention efforts. The potential for reemergence should receive substantially more attention from economic, agricultural, and environmental planning bodies. Changes in the JEV transmission vectors, the spatial and temporal diversity, and the dynamic variety of mosquito species caused by insecticide resistance and global warming have the potential to facilitate the transmission of JE to humans. Thus, understanding these potential factors in JE transmission is critical for shaping future surveillance and control strategies.
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